large central compliance is thought to dominate the hemodynamics of all vertebrates except birds and mammals. Yet large crocodilians may adumbrate the avian and mammalian condition and set the stage for significant wave transmission (reflection) effects, with potentially detrimental impacts on cardiac performance. To investigate whether crocodilians exhibit wave reflection effects, pressures and flows were recorded from the right aorta, carotid artery, and femoral artery of six adult, anesthetized American alligators (Alligator mississippiensis) during control conditions and after experimentally induced vasodilation and constriction. Hallmarks of wave reflection phenomena were observed, including marked differences between the measured profiles for flow and pressure, peaking of the femoral pressure pulse, and a diastolic wave in the right aortic pressure profile. Pulse wave velocity and peripheral input impedance increased with progressive constriction, and thus changes in both the timing and magnitude of reflections accounted for the altered reflection effects. Resolution of pressure and flow waves into incident and reflected components showed substantial reflection effects within the right aorta, with reflection coefficients at the first harmonic approaching 0.3 when constricted. Material properties measured from isolated segments of blood vessels revealed a major reflection site at the periphery and, surprisingly, at the junction of the truncus and right aorta. Thus, while our results clearly show that significant wave reflection phenomena are not restricted to birds and mammals, they also suggest that rather than cope with potential negative impacts of reflections, the crocodilian heart simply avoids them because of a large impedance mismatch at the truncus. blood pressure; blood flow; impedance; pulse wave velocity; harmonics BLOOD EJECTED DURING ventricular systole enters the central arteries and creates pressure and flow waves as it travels toward the peripheral circulation. These waves are then reflected back toward the heart when they encounter impedance mismatches due to tapering, altered compliance, or local discontinuities (8, 12, 16, 23, 24, 28, 30) . While reflections originate to some extent along the entire length of the arterial system (32), it is the high impedance of arterial terminations that are the major sites of reflections (8, 23, 28, 37) . As such, reflections tend to be increased by constriction and decreased by dilation of the vascular beds (30). The resultant waves in blood vessels are composed of a forward wave generated by cardiac ejection and a series of progressively damped incident and reflected waves (5), although in practice the waves are typically resolved into single forward and reflected composites. Pressure waves are reflected in phase, whereas the flow wave is reflected out of phase, and thus as the reflected components travel back toward the heart, they interfere with forward traveling components and result in local enhancement of pressure (peaking or amplification) and local reductions in flow (12, 24, 28) . In combination, ventricular ejection, the pulse wave velocity, and the magnitude and timing of the reflections determine the resultant flow and pressure profiles in the circulation (5, 23).
BLOOD EJECTED DURING ventricular systole enters the central arteries and creates pressure and flow waves as it travels toward the peripheral circulation. These waves are then reflected back toward the heart when they encounter impedance mismatches due to tapering, altered compliance, or local discontinuities (8, 12, 16, 23, 24, 28, 30) . While reflections originate to some extent along the entire length of the arterial system (32) , it is the high impedance of arterial terminations that are the major sites of reflections (8, 23, 28, 37) . As such, reflections tend to be increased by constriction and decreased by dilation of the vascular beds (30) . The resultant waves in blood vessels are composed of a forward wave generated by cardiac ejection and a series of progressively damped incident and reflected waves (5) , although in practice the waves are typically resolved into single forward and reflected composites. Pressure waves are reflected in phase, whereas the flow wave is reflected out of phase, and thus as the reflected components travel back toward the heart, they interfere with forward traveling components and result in local enhancement of pressure (peaking or amplification) and local reductions in flow (12, 24, 28) . In combination, ventricular ejection, the pulse wave velocity, and the magnitude and timing of the reflections determine the resultant flow and pressure profiles in the circulation (5, 23) .
The location of the heart within this reflecting system will influence the load that it must work against and impedance coupling between the heart and the arterial system (8, 9, 28) . This location and its impact on cardiac performance are related to the distance of the heart from the reflecting sites, the pulse wave velocity, and the time course of the cardiac cycle (12, 28) . In healthy, young mammals in which it has been studied, the main reflected pressure wave tends to return during early diastole, resulting in a diastolic "wave" or "hump" that enhances coronary perfusion. However, with arterial stiffening, the pulse wave velocity increases and the reflections return during late systole, resulting in an increased systemic pressure and an increased load against which the heart must work (23, 24, 27, 28) . Thus the timing and magnitude of the reflections have important implications for cardiovascular function, and correlations have been found between the timing of return to the heart of reflected waves, the resultant amplification of the pressure pulse during systole, and the risk of coronary heart disease (11, 35) . The significance of appropriate timing of wave reflections at the heart has even been implicated as being responsible for the inverse relationship between animal size and heart rate (20) , although Jones (13) contends that the specific location of the heart within the reflecting system does not scale as might be expected if this were a critical design element, and other constraints on the design of the vascular tree are suggested (15) .
With the exception of birds and mammals, wave transmission effects are probably of little consequence for vertebrates, where a large central compliance dominates their hemodynamics, and most tend to be small with relatively short arterial systems (7, 13, 16) . However, in larger, elongate reptiles, such as crocodilians or snakes, the long pulse transit times and relatively slow heart rates may predispose them to considerable reflection effects at the heart (13). Wave reflections have been recorded in diamond pythons, yet a concomitant increase in the pulse wave amplitude toward the periphery is not observed (1) . This lack of amplification appears to be due to 1) the relatively uniform distribution of peripheral reflecting sites in the limbless architecture of snakes, compared with a more discrete apparent reflecting site at limb bifurcations in most other animals (1); and 2) perhaps an interaction between elastic nonuniformity of the vessels and viscous damping (2) .
Although crocodilians have slow heart rates and elongate bodies like snakes, they also possess limbs and thus probably exhibit a reflection pattern that is more typical of mammals and birds. This suggests that they may show pronounced wave transmission properties and perhaps significant reflection effects at the heart that, in turn, may enhance or degrade cardiac performance. Because of the interactions between natural changes in heart rate, vascular impedance, and indeterminate growth patterns that result in a wide range of body lengths over their normal life span, these large reptiles may be exposed to extreme challenges with regard to managing the potentially negative impacts of wave reflection effects at the heart. Therefore, the goals of this study were 1) to measure pressure and flow profiles in the central and peripheral circulation of American alligators to assess whether they experience significant reflection effects; 2) to use the material properties of isolated segments of central and peripheral blood vessels to reveal the basis for, and site of, potential reflections; and 3) to establish how the reflections might impact cardiac function in these animals.
In the crocodilian heart ( Fig. 1) , the left ventricle gives rise to the truncus that gives rise in turn to the right systemic aorta which serves as the only systemic trunk when the heart operates in the avian mode, whereas the right ventricle gives rise to the pulmonary arteries and to a left systemic aorta, the latter also serving the systemic circulation in reptilian mode (14) . In the present study, the occurrence of pressure and flow wave reflections were assessed in the right aorta, ϳ10 cm distal to the heart, near the right subclavian artery. This specific site was selected because the right aorta is the primary systemic vessel and the location is convenient, yet close enough, to the heart to infer wave reflection effects approaching the heart itself. Material properties were then measured from isolated segments of the truncus, the proximal and distal right aorta, proximal and distal carotid artery, and femoral artery (Fig. 1) , these vessels being selected for resolution of the site(s) of reflection in the vascular tree.
MATERIALS AND METHODS
Animals. All animal husbandry and experimental procedures were approved by the Institutional Animal Care and Use Committee at the University of British Columbia. Young American alligators (Alligator missippiensis, Daudin) were obtained from commercial farms in Florida and held in the University's animal care facilities for approximately five years until they reached an appropriate size. The alligators were housed individually or in small groups in rooms (ϳ15 m 2 ) maintained at 30°C and that contained a shallow pool in which they could submerge. They were fed commercial dog chow ad libitum and given chopped chicken and vitamin supplements weekly. All animals were growing and appeared healthy before the experiments.
Anesthesia and instrumentation. Details of sedation, exposure of the central vasculature, pressure catheter preparation and measurement procedures, and nonocclusive catheterization of the right subclavian artery have been described previously (34) . One catheter was placed in the right subclavian artery, which branches directly off of the right aorta about 10 cm distal to the heart, and was fed centrally until the tip lay near the junction with the right aortic arch (Fig. 1) ; this catheter was used to monitor central arterial (i.e., right aortic) blood pressure. The catheter was ϳ20 cm long and had a frequency response of 11 Hz. A second catheter was placed in the left femoral artery and was used to monitor peripheral pressure at this location. The distance between the tips of the femoral and aortic pressure catheters was determined by directly measuring the length of the vessels through the exposed thorax (postexperimentally) and approximating the remaining distance from the abdomen to the tip of the catheter in the leg. Average pulse wave velocity was calculated by dividing this distance by the difference in time between arrival of the foot of the pressure waves at the two recording sites. There are conflicting reports as to the effects of heart rate on pulse wave velocity (17, 38) , so velocity was calculated separately in each animal and at each state of control, vasodilation, or vasoconstriction (see Recordings and data analysis below).
Close-fitting, pulsed Doppler flow cuffs (4 -8 mm diameter, Iowa Doppler Products, Iowa City, IA) were placed around the right aorta near the subclavian junction and around the common carotid artery ( Fig. 1 ) and connected to a Directional Pulsed Doppler Flowmeter (model 545C-4, Bioengineering University of Iowa). Pressure and flow in the right aorta were used to calculate central impedance and reflection phenomena in the central circulation near the heart (described in Recordings and data analysis). The precise separation between the right aortic flow cuff and pressure catheter was not measured, but the distance was very small relative to the wavelength of the pulse (range 4 -8 m), and so errors in calculation of impedance modulus, as a result of assuming zero separation between recording sites, would be small and can be ignored (36) . Flow in the carotid artery was used in conjunction with pressure in the right aorta to approximate peripheral resistance and impedance. This assumes that right aortic pressure is indicative of carotid pressure. Inaccuracies resulting from this assumption are not critical as peripheral resistance/ impedance are not required to evaluate reflection effects in the central circulation; they were only used as a qualitative estimate of changes in the extent of dilation/constriction.
The electronics in the pulsed Doppler flowmeter incorporate a single-pole, low-pass resistance-capacitance filter on the analog output with a Ϫ3-dB point of 15 Hz. Mitchell et al. (22) have shown that errors in calculating flow moduli and thus impedance due to attenuation caused by flowmeter filters become significant only as the spectrum approaches the cutoff frequency of the filter. Because the cutoff frequency of the filter was about an order of magnitude higher than the lower harmonics analyzed and about triple the frequency of the higher harmonics analyzed, its effects on signal amplitude would be very small and were ignored. The filter also caused a small frequency-dependent phase shift in the flow signals of ϳ0.03 rad. We used specifications provided by the manufacturer of the flowmeter to calculate and correct for the phase shifts in the flow signals at each frequency that they were measured.
The flow signals were calibrated after each experiment by removing the segments of the vessels to which the cuffs were attached and forcing blood through the vessels at controlled rates with a peristaltic pump while monitoring the signal from the flow meter. Pressure transducers were calibrated routinely during experiments against a mercury column.
Recordings and data analysis. Measurements were made from six animals. Blood pressure and flow were recorded at 166 Hz on a computer using Labtech Notebook Pro v9.0 software (Labtech, Andover, MA). This collection rate exceeds, by over 30-fold, the highest frequency at the highest harmonic analyzed in any animal. One-to two-minute sequences of blood flow and pressure were measured from animals in control states (which were baseline vasodilated due to the anesthetic), after vasodilation (administration of 1 g/kg isoproterenol into an infusion catheter in the femoral vein), and after vasoconstriction (administration of 20 g/kg phenylephrine through the infusion catheter). These doses were sufficient to induce the desired effect (see RESULTS) yet allowed the animal to recover from the drug within 10 -20 min.
Wave reflections were calculated from the time domain signals according to Li (19) and based on established principles (24, 25, 37) . We chose this method because it is computationally simple, can be applied directly to the time domain signals, and is functionally equivalent to and provides results similar to frequency domain analysis and method of characteristics analysis (18, 19, 31) . With the use of this analysis, the measured pressure and flow signals could be resolved into incident (forward) and reflected components based on the characteristic impedance (Zc) of the central circulation. Zc was calculated as the ratio of pressure to flow obtained from the early portion of the upstroke in systole, before reflections can return to the heart (18, 19 , and references therein) as follows. For each animal in each state (control, vasoconstriction, and vasodilation), a series of 10 -16 pairs of flow and pressure gradients were measured during the upstroke portion of early systole from each heartbeat in a sequence, for a total of 150 -550 data pairs for each animal in each state. From each data pair, the ratio of pressure to flow was calculated and plotted versus the pressure gradient. The plots were then fitted with an exponential rise equation, and the asymptote was taken as Zc for that particular animal and state. As confirmation, input impedance was calculated at the third harmonic (Z 3) using Fourier analysis; at high harmonics the amplitude of wave reflections are trivial and the wavelength is too short to allow significant reflections at the site of origin, so the input impedance (Z 3) should approximate Zc (18, 22, 37) . Whereas a higher harmonic would be preferable, the third harmonic was used because in some cases the signal amplitude at higher harmonics could not be resolved with confidence. The ratio of Z c to Z3 was 1.07 Ϯ 0.075 (ϮSE) across all animals and states and was not significantly different from 1 (P ϭ 0.357), confirming that our calculations of Z c appear consistent and reliable. In contrast, the average ratio of Z c to Z0 (where Z0 is the input resistance or mean ratio of pressure to flow) was 0.14 Ϯ 0.026 (ϮSE), foreshadowing the existence of wave reflection effects in these animals. All time domain calculations were applied to the signals using AcqKnowledge software (v3.01, BIOPAC Systems, Santa Barbara, CA).
In addition, Fourier analysis was used to study the frequency spectrum of impedance moduli, phase, and reflection coefficients according to Westerhof et al. (37) and Laskey and Kussmaul (18) . Spectra were calculated from analysis of ϳ10 consecutive beats to reduce noise in the signal (23) . The fundamental (zero order or mean) and first four to five harmonics of pressure and flow were determined by using the Fourier analysis routine in LabView 5.1 (National Instruments, Austin, TX), which provided the root mean square amplitude and phase (radians) frequency spectra from a time-domain signal. From these, the input impedance moduli (Z n) and phase (pressure-flow) were calculated at each harmonic (n). The global reflection coefficient, which describes the relative magnitude of the reflection at the recording site, was calculated at each harmonic as (Zn Ϫ Zc)/(Zn ϩ Zc) (18, 19) .
Material properties of blood vessels. Material properties were examined in blood vessels dissected postmortem, including the femoral artery (n ϭ 3), right aorta (n ϭ 5), carotid artery (n ϭ 5), and the truncus chamber serving the right aorta (n ϭ 5) (Fig. 1) . Proximal and distal regions of the carotid and right aorta were tested separately. Tissue classified as proximal carotid was located 3 cm distal to its bifurcation with the right aorta, whereas distal carotid sections were located 10 -13 cm distal to the bifurcation. The proximal right aorta was immediately distal to the truncus, and distal right aorta was at least 10 cm distal to the truncus (similar to the location at which pressures and flows were recorded). Vessel segments were sectioned, forming loops, and arterial dimensions and force-extension properties were measured following methods described by Braun et al. (6) . Modifications to the described methods included measurement of wall thickness of the vessels to Ϯ0.001 mm, use of an Instron testing machine (Instron, Norwood, MA) to measure uniaxial force-extension characteristics, a test temperature of 20°C, and force-extension tests performed by cyclic stretching at 3 cm/min. Vessel wall strain (⑀), true stress (), and circumferential stiffness (incremental modulus, Einc) were calculated as described previously (4, 6) and used to calculate pulse wave velocity (co), Zc, and reflection ratios according to Milnor (21) . The reflection ratio between the distal right aorta and femoral arteries was calculated with the assumption that the femoral arteries present an impedance equivalent to two vessels in parallel. Strains for these calculations were estimated from a single set of arterial inflations of the right aorta, carotid artery, and femoral artery, performed as in Braun et al. (6) ; the truncus could not be so inflated, so the value from the proximal right aorta was used for calculations. Measurements were based on a blood pressure of 5.5 kPa, similar to that recorded in the anesthetized alligators.
Pressure and flow data at different states of vasoconstriction/ vasodilation and harmonics were compared by using one-or two-way repeated-measures ANOVA and Tukey's pairwise comparisons, or paired t-tests where appropriate. Elastic moduli from material properties were compared by using a one-factor ANOVA and a Tukey's test. Differences were considered significant at P Ͻ 0.05. Data in the text and figures are means Ϯ SE.
RESULTS
Pressure and flow profiles. Recordings of flow and pressure were made from six animals: mass, 27.9 Ϯ 4.3 kg, and range, 11-37.7 kg. The distance from the right aortic catheter to the femoral catheter ranged from 47-59 cm and is an estimate of the functional length of the animals in the context of wave reflection effects. Examples of the phase and amplitude relationships for pressure and flow during two cardiac cycles are shown in Fig. 2 . Substantial peaking of femoral pressure occurred, to the extent that it exceeded pressure in the right aorta during a considerable portion of late systole and early diastole. In addition, the flow profile measured in the right aorta was markedly different from the pressure profile, a further indication that wave reflections were present.
Heart rate was not affected by the dilation or constriction interventions (P ϭ 0.336): control, 31.2 Ϯ 3.2 beats/min; vasodilate, 39.0 Ϯ 3.5 beats/min; and vasoconstrict, 32.4 Ϯ 4.0 beats/min. The onset of the systolic rise of pressure in the right aorta preceded that in the femoral artery (Fig. 2) , allowing average pulse wave velocity to be calculated as described in MATERIALS AND METHODS. Pulse wave velocity was significantly faster in animals that were constricted compared with those that were dilated (P ϭ 0.02), but constricted and dilated animals were not significantly different from control animals: control, 3.82 Ϯ 0.37 m/s; vasodilate, 2.59 Ϯ 0.22; and vasoconstrict, 4.48 Ϯ 0.29. Mean blood flow in the right aorta was not affected by the state of dilation (P ϭ 0.68); however, mean pressure was significantly higher during vasoconstriction and lower during vasodilation (P Ͻ 0.001) (Fig. 3) .
The magnitude of peripheral input resistance (Z 0 ), as estimated using right aortic pressure and carotid flow, increased to 135% of control with vasoconstriction and decreased to 66% of control with vasodilation (P ϭ 0.021). Furthermore, this trend was also evident in the moduli of peripheral input impedance from Fourier analysis at the first harmonic (P ϭ 0.012), although not at higher harmonics (P Ͼ 0.05); during vasoconstriction, Z 1 was 192% of that during vasodilation, but the control value was not different from that recorded in constricted or dilated animals. Spectra for peripheral impedance are not shown, because these changes were only used to confirm satisfactory impact of the vasodilatory agents. In contrast to peripheral resistance and impedance, the moduli of central impedance (Z 1-4 ) and central input resistance (Z 0 ) were not affected by the constriction or dilation interventions (P ϭ 0.742) and varied little through harmonics 1-4 (Fig. 4) . The impedance phase was largest at lower harmonics and was significantly smaller in the dilated condition (P ϭ 0.002) but did not differ between control and constricted states (Fig. 4) . The magnitude of the phase shift was smaller than is typically observed in humans (23) , likely due to the higher vessel compliance and slower pulse wave velocity in alligators.
Reflection coefficients were calculated, and time-domain reflection analysis was then performed. In this analysis the global reflection coefficient incorporates the effects of all reflection sources, sites, and magnitudes on a particular point, in this case the recording site in the right aorta. At the first harmonic, the reflection coefficient ranged from near 0 to 0.3, depending on the state of constriction (Fig. 5) . Thus up to 30% of the incident wave was effectively reflected back toward the heart when constricted, ϳ10% during control, but virtually none when dilated. The reflection coefficient was decreased by dilation at the mean (P ϭ 0.001) and increased by constriction at the first harmonic (P Ͻ 0.001) (Fig. 5 ). This effect is generally similar to that observed in dogs after vasodilation and vasoconstriction (37) . The reflection coefficients were relatively small and tended toward zero at higher harmonics.
When the incident and reflected flow and pressure profiles were calculated, a pronounced reflection effect was observed (Fig. 6) , similar to that noted in mammals (8) . In these analyses only the oscillatory components of the forward and reflected waves are considered; the steady or average pressure and flow components are ignored (37) . The magnitude of the reflections in both pressure and flow decreased with dilation and increased with constriction. This resulted in the incident waves most closely matching the measured profiles during the dilated state (small reflection effect) and being most different during the constricted state (large reflection effect). Similarly, the measured flow and pressure profiles were most similar to one another in dilation and least similar when constricted. The large magnitude and early return of the reflected waves in the control and particularly constricted states resulted in 1) a pronounced prolongation and peaking of the measured central pressure pulse compared with the incident wave and 2) a pronounced curtailment and notable decrease in the magnitude of the measured flow pulse (Fig. 6) . In contrast, during dilation, the reflection was small and arrived well into diastole, resulting in a small diastolic wave but with no affect on the pulse pressure and little effect on incident flow (Fig. 6) .
Material properties. The vessels all exhibited the characteristic J-shaped modulus-strain curve of arteries (Fig. 7) . However, when compared with central vessels (proximal carotid, right aorta, and truncus), the peripheral vessels (femoral artery and distal carotid) were relatively inextensible and stiff, showing large increases in elastic modulus at relatively small strains. At physiological strains (Table 1 and Fig. 7 ), the peripheral vessels had similar elastic moduli but remained considerably stiffer than the central vessels. Likewise, there was no significant difference in the modulus-strain characteristics between any of the central vessels at physiological strains (Fig. 7) .
The intrinsic pulse wave velocity (c o ) increased moving distally in both the right aorta toward femoral artery and in the carotid artery (Table 1) ; hence, peripheral pulse wave velocity was significantly faster than central pulse wave velocity. Z c calculated from material properties varied widely in the alligator vessels, from a low of 12.9 MPa⅐s ⅐m Ϫ3 at the truncus/ right aorta to 1,279 MPa⅐s⅐m Ϫ3 in the femoral artery ( Table 1 ). The value of Z c calculated from the material properties of the right aorta and most other central blood vessels (Table 1) was somewhat smaller than the value calculated from measurements of pressure and flow in the right aorta (average, 806 MPa ⅐s⅐m Ϫ3 under control conditions). Reflection ratios calculated from the material properties of the vessels show the potential for strong reflections as blood travels between certain sites within the circulation of alligators (Table 1) . For example, substantial impedance mismatches caused by large increases in elastic modulus (E inc ) with very small changes in vessel cross-sectional area resulted in large reflection ratios between the right aorta and femoral and distal carotid arteries. Surprisingly, a small change in elastic modulus but large change in vessel area resulted in a large reflection ratio at the junction of the truncus and proximal right aorta. In contrast, limited reflections occurred between the distal right aorta and proximal carotid, allowing wave transmission into the periphery.
DISCUSSION
A number of observations indicate that wave reflections are present and prominent in the central circulation of alligators, including 1) the substantial difference between the measured pressure and flow profiles in the right aorta, which are exaggerated during constriction but lessened during dilation (Figs. Fig. 7 . Elastic modulus-strain relationship for arterial segments from the American alligator. See MATERIALS AND METHODS for precise location of each segment. *Measurements made at physiological strains, based on blood pressure of 5.5 kPa, similar to that recorded in anesthetized animals. RA, right aorta. Values are means Ϯ SE, and were determined by using a mean blood pressure of 5.5 kPa and associated physiological strain (see MATERIALS AND METHODS). Einc, mean elastic modulus; co, pulse wave velocity; Zc, characteristic impedance; RR, reflection ratio; TruncRA, junction of truncus and right aorta; RAProx, proximal right aorta; RADist, distal right aorta; CarProx, proximal carotid artery; CarDist, distal carotid artery; Femoral, femoral artery. Specific locations of blood vessels are described in MATERIALS AND METHODS. RR between RADist and Femoral was calculated assuming the femoral arteries present an impedance equivalent to two vessels in parallel.
2 and 6); 2) the peaking of femoral pressure above aortic pressure in late systole/early diastole (Fig. 2) , which can only be achieved through wave reflection effects (24); 3) the significant effect of vasodilation on impedance phase (Fig. 4) ; 4) the effects of dilation/constriction on the shapes of the aortic pressure and flow pulses (Fig. 6) ; 5) the large modulus of the reflection coefficient (Fig. 5) , particularly during constriction; 6) the results of reflection analysis showing substantial reflected components of pressure and flow (Fig. 6); and 7) the analysis of material properties of blood vessels showing marked impedance mismatches and large reflection ratios between several pairs of sites ( Table 1 ). The relative shapes of the measured incident and reflected pressure and flow waves, the reflection effects, and the effects of dilation and constriction observed in the present study are generally similar to those observed in birds, dogs, ferrets, and humans (8, 16, 18, 19, 23, 24, 27, 37) . Thus it is apparent that there are marked wave reflection effects in the central circulation of alligators and that the timing could potentially affect cardiac performance.
The magnitude of the reflected transients at the right aorta was considerable and was enhanced with constriction and reduced with dilation (Figs. 5 and 6). Furthermore, peripheral input impedance and pulse wave velocity increased with constriction and decreased with dilation (see RESULTS), as is typically reported in mammals (reviewed in Ref. 24) . Thus, in alligators, changes in vascular tone appear to have altered both the magnitude of the reflections (via peripheral impedance) and the timing of their return (via pulse wave velocity), which in turn would affect the reflection coefficient and hence pressure and flow profiles in the aorta (28) . In a similar fashion, the increased arterial stiffness and increased pulse wave velocity coincident with aging are responsible for changes in the magnitude and timing of reflections and the increased systolic pressure pulse in the mammalian ascending aorta (29) , which would manifest as an increased global reflection coefficient at that site.
The reflections in alligators resulted in a prominent diastolic wave in the right aorta in both the control and dilated states and increased central systolic pulse pressure in control and constricted states (Fig. 6) . If the primary benefit of appropriately timed wave reflections is the prolongation of the pressure and thus flow pulses with a limited change in the central pulse pressure (24) , then the control state in alligators appears most effective in this regard (Fig. 6 ). Dilation resulted in such a large reduction in the magnitude of reflected waves that they made only a small contribution to extending the central pressure pulse. Conversely, constriction resulted in very large reflections that returned to the right aorta during late systole, so that central systolic pressure was increased markedly and the flow pulse was decreased markedly, neither of which are considered beneficial.
The material properties of the vessels predict that substantial reflections will occur as blood travels from the distal right aorta to the femoral arteries and distal carotid artery ( Table 1) . The presence of such reflections agrees with the reflection coefficients and blood flow patterns observed in the right aorta (Figs. 5 and 6), suggesting that much of the reflection appeared to originate in the periphery and that impedance mismatches are minimal in most of the more central circulation. However, the truncus, which serves as the root of the left ventricular outflow tract, was distinct from the proximal right aorta which it serves in having a lumen that was much larger (7.3-fold), appearing much like the bulbus in teleost fish or the aortic bulbus in whales. There was thus a large and abrupt impedance mismatch at the interface between the truncus and right aorta, and reflections should occur despite similar values of stiffness in these two vessels ( Table 1) . As a consequence of this anatomy, the pressure wavelength at the fundamental frequency was ϳ7.6 m (based on a heart rate of 0.5 Hz and a measured wave velocity of 3.8 m/s), which is 70 times longer than the truncus itself. Thus the time for the pressure wave to traverse the truncus is a negligible portion of the cardiac period, and the truncus should behave as a windkessel. This would reduce pulsatile pressures and flows in the more peripheral arteries (10, 16, 33) but also effectively isolate the heart from peripheral reflections.
As flow and pressure recordings demonstrated that there were substantial reflected waves in the right aorta just distal to the truncus (Fig. 6) , this raises the intriguing possibility that the impedance mismatch between the truncus and right aorta functions to isolate the heart from these reflections. Such isolation may protect the heart from high pressures caused by reflections as observed during constricted states. Furthermore, crocodilians can raise their blood pressure to well over 100 mmHg when disturbed (personal observations of authors), which would be an enormous load at the heart if augmented by reflections.
There is also limited evidence that alligators may have the ability to control the extent of the impedance mismatch between the heart and right aorta. Force production of truncus strips increases and decreases up to 100% in response to epinephrine and vasoactive intestinal polypeptide, respectively (3). Thus, under adrenergic tone, the elastic modulus of the truncus would increase and the diameter would decrease so the impedance mismatch between the truncus and right aorta would be attenuated. If, under such conditions, the effect of the truncus in isolating the heart from the circulation was reduced so that the primary reflection site became the femoral arteries, then the fundamental wavelength of 7.6 m would be only 6 to 7 times longer than the distance from the heart to the major reflecting site (instead of 70-fold when the truncus is a major reflecting site). This is close to the optimum value of 4 for enhancement of cardiac function due to reflection effects (26) and may permit significant wave propagation effects to reach the heart in a beneficial manner.
The cross-sectional area and stiffness of blood vessels change along the arterial tree; thus pulse wave velocity calculated from the material properties of discrete arterial sections should differ in a predictable manner (lower than the mean in the central vessels and higher in the peripheral; see Table 1 ). With the use of pulse wave velocities from material properties (Table 1 ) and with the estimation that the proximal right aorta, distal right aorta and femoral artery comprise 20%, 70%, and 10% of the total length of the arterial tree (i.e., heart to femoral), respectively, the mean velocity along the entire tree was calculated to be 4.0 m/s. This value is almost identical to the measured value of 3.8 m/s under control conditions, which is also a mean value incorporating velocities from the distal right aorta to the femoral artery. This similarity, in combination with the similarity between the static reflection ratio between the distal right aorta and femoral arteries that was calculated from material properties (Table 1 ) and the mean reflection coefficient at the right aorta that was calculated from blood flow and pressure (zero-order values average about 0.7), demonstrates a remarkable ability to predict reflection characteristics using only the material properties of the vessels.
In conclusion, like birds and mammals, alligators also possess a central arterial circulation with transmission line characteristics amenable to promoting significant wave reflection effects. Based on material properties of the vasculature, a major source of the reflections appears to originate near the femoral arteries. Substantial reflections (reflection coefficient up to 0.3) returned toward the heart during late systole/early diastole. Changes in peripheral impedance influenced the magnitude of the reflections and changes in pulse wave velocity altered the timing of their return. Unexpectedly, the heart itself appeared to be isolated from the arterial circulation by a large impedance mismatch at the junction of the truncus and right aorta. This isolation may protect the heart from elevated pressures in the central circulation that result from pronounced wave reflection effects in these large animals.
